Abstract Hollow vesicles composed of a phosphorylcholine polymer were prepared using a coaxial electrospray technique and an inorganic microstructured template. An aqueous solution containing calcium chloride and chitosan, and 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer ethanol solution were electrosprayed from coaxial double needles into a phosphate solution to obtain microparticles composed of calcium phosphate (CaP) and chitosan covered with MPC polymer, followed by the removal of CaP/chitosan template to produce novel hollow vesicles composed of MPC polymer. The resulting hollow vesicles had 300-400 μm in diameter. Investigation using fluorescently labeled MPC polymer revealed that the vesicle membrane was composed of MPC polymer. Model substances with relatively high molecular weights (dextran and polymeric microspheres) were readily encapsulated in the hollow vesicles. Microscopic observations of the mobility of encapsulated microspheres inside a hollow vesicle indicated the fluidity of its aqueous interior. Finally, we succeeded in the encapsulation and cultivation of living yeast cells within the vesicles, which demonstrates that this technique can encapsulate a physiologically active substance in the hollow vesicles and maintain its activity.
Introduction
The fabrication of hollow micro-or nanostructures has received considerable attention for a long time because they can be widely applied in drug delivery, catalysis, sensors, biomedical diagnosis and therapy, etc. [1] [2] [3] [4] [5] [6] [7] . Many methods have been developed for the fabrication of these hollow structures and can be classified into two groups, namely fabrication with and without templates. The fabrication of hollow structures without templates is usually a one-step preparation with simple processes using ultrasonication [8, 9] , pyrolysis [10, 11] , laser pyrolysis [12] , formation of polyion complexes [13] , etc. However, it is usually difficult to control the size and shape of hollow structures due to less understanding of the mechanisms. In contrast, the fabrication of hollow structures with the assistance of templates has remarkable advantages, including the design and control of the size, shape, and composition of the structures, and clear mechanisms for their formation.
Colloidal particles have been widely used as hard templates for the effective fabrication of hollow structures. In general, this approach consists of four major steps [1] : (1) preparation of hard templates, (2) functionalization/modification of the template surface to achieve favorable surface properties, (3) coating the templates with designed materials or their precursors to form compact shells, and (4) selective removal of the templates to obtain the hollow structures. Considerable efforts have been focused on preparing uniform colloidal particles as desirable hard templates and on developing versatile coating schemes for accurate control of the composition, cavity size, and shell thickness of the hollow structures [1-3, 6, 7] . However, the hard template approach presents an intrinsic disadvantage for the encapsulation of substances.
In a previous study, we reported the preparation of microparticles with a core-shell structure composed of calcium phosphate (CaP)/chitosan complexes covered with 2-methacryloyloxyethyl phosphorylcholine (MPC) polymer using a coaxial electrospray technique [14] . CaP has a mesoporous structure that provides enough space to accommodate large amounts of various substances [14, 15] . In this study, we demonstrate that the coaxial electrospray technique and subsequent removal of the CaP/chitosan template can be used to produce novel hollow vesicles composed of MPC polymer that can encapsulate a wide variety of substances (Fig. 1) . To the best of our knowledge, there are no previous reports on the preparation of hollow vesicles composed of MPC polymer. MPC polymer, which was inspired by the surface structure of cell membranes and first synthesized by Ishihara et al., is known to suppress unfavorable biological reactions such as protein adsorption and cell adhesion [16] . Therefore, hollow MPC polymer vesicles possess biomimetic surfaces and have potential to serve as highly biocompatible microcapsules and microreactors.
Material and methods

Materials
Calcium chloride, chitosan (commercially available chitosan 10 with an aqueous solution viscosity below 20 mPa s when dissolved in 0.5 wt% acetic acid solution at 20°C), acetic acid, disodium hydrogen phosphate anhydrous, and ethanol were purchased from Wako Pure Chemical Industries (Osaka, Japan). MPC polymer (Lipidure®-CM) and amine-modified MPC polymer (Lipidure®-NH01) were purchased from NOF America (White Plains, NY, USA). Fluorescein isothiocyanatedextran (FITC-dextran, molecular weight = 40, 500, and 2000 kDa) was purchased from Sigma (St. Louis, MO, USA). Yellow-green fluorescent polystyrene microspheres (0.50 μm) were purchased from Polysciences (Warrington, PA, USA). Tetramethylrhodamine isothiocyanate (TRITC) was purchased from Invitrogen (Carlsbad, CA, USA). Yeast extract and peptone were purchased from Becton, Dickinson and Company (Sparks, MD). D-(+)-Glucose was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Other chemicals were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
TRITC-labeled MPC polymer was prepared as previously reported [14] . Briefly, amine-modified MPC polymer was dissolved in a triethylamine/acetate buffer (pH 8, 0.1 M). A dimethylformamide solution containing TRITC was added to the amine-modified MPC polymer solution. After 4 h at room temperature, the reaction solution was dialyzed with an excess amount of a triethylamine/acetate buffer using a dialysis membrane and then freeze-dried.
Preparation of hollow MPC polymer vesicles
Microparticles composed of CaP and chitosan covered with MPC polymer were prepared according to the previously described method [14] . A coaxial electrospray apparatus (NF-102, MECC Co., Ogori, Japan) was used. Briefly, the inner needle was loaded with an aqueous solution containing calcium chloride (5.0 wt%), chitosan (2.0 wt%), and acetic acid (200 mM), and the outer needle was loaded with an ethanol solution containing MPC polymer (0.5 wt%) and TRITC-labeled MPC polymer (0.005 wt% for visualization). The solutions were simultaneously sprayed from the inner and outer needles (cathode), into an oppositely charged stainless steel dish (anode) containing an aqueous solution of 5.0 wt% disodium hydrogen phosphate (receiving solution, 7 mL) to form CaP/chitosan microparticles covered with MPC polymer (CaP/chitosan/MPC microparticles).
After the electrospraying step, the microparticles were immersed in an aqueous acetic acid solution (200 mM) to dissolve the CaP cores of the microparticles. Finally, the supernatant was replaced with HEPES buffer (0.1 M, pH 7.4) to disperse the hollow vesicles.
Characterization of CaP/chitosan/MPC microparticles and hollow MPC polymer vesicles
CaP/chitosan/MPC microparticles and hollow MPC polymer vesicles were observed using an inverted microscope (IX71, Olympus Co., Tokyo, Japan) and a confocal laser scanning microscope (CLSM) (FV1000-D, Olympus Co, Tokyo, Japan). The diameters of 100 microparticles in the microscope images were measured. 
Encapsulation of substances in hollow MPC polymer vesicles
To evaluate encapsulation,FITC-dextranandFITC-microspheres were used as the core substances. The inner needle was loaded with an aqueous solution containing calcium chloride (5.0 wt%), chitosan (2.0 wt%), acetic acid (200 mM), and the core substance (100 μg/mL FITC-dextran with molecular weight = 40, 500, or 2000 kDa, or 40 μL/mL FITC-microspheres (0.5 μm)), and the outer needle was loaded with an ethanol solution containing MPC polymer (0.5 wt%) and TRITC-labeled MPC polymer (0.005 wt%). The solutions were simultaneously sprayed into an aqueous solution containing 5.0 wt% disodium hydrogen phosphate under typical conditions. After electrospraying, the microparticles were immersed in an aqueous acetic acid solution (200 mM) to dissolve the cores of the microparticles. Finally, the supernatant was replaced with HEPES buffer (0.1 M, pH 7.4) to disperse the hollow vesicles. Hollow MPC polymer vesicles encapsulating fluorescent substances were observed using a CLSM.
The fluorescence of the supernatants of the receiving and dissolving solutions was measured using a fluorescence spectrometer after the electrospraying step and after dissolving the cores of the microparticles. The encapsulation efficiency was calculated on the basis of the fluorescence of the supernatant and the amount of fluorescent substance sprayed.
Yeast-encapsulated hollow MPC polymer vesicles
The yeast Saccharomyces cerevisiae Kyokai No. 7 was grown in YPD medium (10 g/L yeast extract, 20 g/L glucose, and 20 g/L peptone) at 37°C overnight. An aqueous solution containing calcium chloride (5.0 wt%), chitosan (2.0 wt%), acetic acid (200 mM), and yeast (OD ≈ 0.5) was electrosprayed into an aqueous solution containing 5.0 wt% disodium hydrogen phosphate (receiving solution) under typical conditions. The precipitated microparticles were collected and then immersed in an acetic acid solution (200 mM) to dissolve the cores of the microparticles. Finally, the supernatant was replaced with fresh YPD medium, and the yeast growth in the hollow MPC polymer vesicles was studied by microscopic observation at 37°C.
Results and discussion
As previously reported [14] , we coaxially electrosprayed an MPC polymer solution and an aqueous solution containing CaCl 2 and chitosan into a phosphate buffer solution (Fig. 1) . CaP/chitosan microparticles covered with MPC polymer with diameters of 280-500 μm were obtained (Fig. 2a) . The microparticles were then immersed in an aqueous acetic acid solution (200 mM) to dissolve the CaP microparticle cores. The removal of the CaP/chitosan/MPC microparticle cores was observed using an inverted microscope and a CLSM. Figure 2a , b shows brightfield microscope images before and after dissolution of the cores of the CaP/chitosan/MPC microparticles, and it is clear from Fig. 2b that hollow MPC polymer vesicles of 300-400 μm in diameter were successfully prepared. As shown in Fig. 2c , the membrane of the hollow vesicles exhibited red fluorescence derived from TRITC-labeled MPC polymer, which indicates that the vesicle membrane was composed of MPC polymer. The mean diameters of the CaP/chitosan/MPC microparticles and hollow MPC polymer vesicles were 370 μm (C.V. 14%) and 420 μm (C.V. 14%), respectively, and both had a relatively narrow distribution (Fig. 2d) . The relatively narrow diameter distribution of the microparticles prepared by the electrospray technique agrees with our previous reports [14, 15, 17, 18] . The diameters of the vesicles increased slightly after core removal owing to the effect of osmotic pressure during the dissolution of CaP.
We then investigated the effect of the inner diameter of the inner needle of the coaxial electrospray system on the size of the hollow MPC polymer vesicles. The diameters of the vesicles increased as the inner diameter of the inner needle increased, with average vesicle diameters of 210, 350, and 420 μm for needle diameters of 140, 270, and 400 μm, respectively. Size control was thus easily achieved by varying the needle diameter.
Encapsulation of substances is one important property of hollow vesicles. We therefore investigated the encapsulation of FITC-dextran and FITC-microspheres within the hollow MPC polymer vesicles (Fig. 3) . FITC-dextran with various molecular weights (Mws) and FITC-microspheres were added to aqueous solutions containing CaCl 2 and chitosan and electrosprayed, and then the cores were removed as described above. Figure 3a -c shows the CLSM images of the MPC vesicles encapsulating FITC-dextran with various Mws. The images reveal that dextran with lower Mw (40 kDa) was not encapsulated in the vesicles, but that dextran with higher Mw (500 and 2000 kDa) was retained in the vesicles. This difference in encapsulation behavior is likely to be due to diffusion and penetration of dextran with low Mw through the vesicle membrane. In addition, the fluorescence measurements demonstrated that the encapsulation efficiencies of dextran were 1% (40 kDa), 50% (500 kDa), and 83% (2000 kDa), which agree with the CLSM images. Figure 3d -g shows the CLSM images of the MPC vesicles encapsulating FITC-microspheres (0.5 μm) at regular time intervals. The series of images in Fig. 3d-g demonstrates that the encapsulated microspheres moved within the vesicle on a time scale of seconds. These results suggest that the vesicle has a fluid interior and indicate the successful preparation of hollow vesicles.
Finally, we investigated the encapsulation of living yeast cells within the hollow MPC polymer vesicles. Because of the limited interaction between MPC polymer and various biomolecules and cells, we expected that the interior of the MPC polymer vesicles would provide an environment suitable for cell cultivation. Living yeast cells were dispersed in an aqueous solution containing CaCl 2 and chitosan and electrosprayed, and then the microparticle cores were removed. Figure 4 shows brightfield microscope images of MPC polymer vesicles encapsulating yeast in yeast extract peptone dextrose (YPD) medium at different periods after preparation. As is evident from these images, the yeast cells were successfully encapsulated and grew inside the hollow vesicles over time. The image at 0 h and the results from the fluorescent microsphere experiments allow us to speculate that many of the sprayed cells were encapsulated within the hollow vesicles. The growth of yeast inside the hollow vesicle indicates sufficient penetration of low molecular weight nutrients (e.g., glucose, peptone) from the culture medium through the MPC polymer shell membrane. These results demonstrate that the present method allows the encapsulation of a physiologically active substance inside the hollow vesicles without any critical damage to the substance.
Conclusions
We succeeded in the preparation of highly biocompatible polymer vesicles composed of MPC polymer. The MPC polymer vesicles, which had biomimetic surfaces, were prepared by coaxially electrospraying and subsequent core removal of core-shell microparticles composed of CaP and chitosan covered with MPC polymer. This method produced hollow vesicles with a few hundred micrometers in size, and the vesicle size was easily controlled simply by varying the needle diameter. The vesicles can encapsulate and retain substances with relatively high molecular weights, and the interior of the vesicles can be used as a miniature incubator for living cells. The findings in the present study suggest that the coaxial electrospray technique is available for the production of hollow structures using a template-based approach. Because of the high biocompatibility of MPC polymer [16] , MPC polymer vesicles will provide another option to the biomedical and pharmaceutical fields, which might be alternative to phospholipid vesicles.
